Amelogenin protein is involved in organized apatite crystallization during enamel formation. Brushite (CaHPO4·2H2O), one of the precursors of hydroxyapatite mineralization in vitro, has been used for fabrication of biomaterials for hard tissue repair. In order to explore its potential application in biomimetic material synthesis, we studied the influence of the enamel protein amelogenin on brushite morphology and phase transformation to monetite. Our results show that amelogenin can adsorb onto the surface of brushite, leading to the formation of layered morphology on the (010) face. Amelogenin promoted the phase transformation of brushite into monetite (CaHPO4) in the dry state, presumably by interacting with crystalline water layers in brushite unit cells. Changes to the crystal morphology mediated by amelogenin continued even after the phase transformation from brushite to monetite, leading to the formation of organized platelets with an interlocked structure. This effect of amelogenin on brushite morphology and the phase transformation to monetite could provide a new approach to developing biomimetic materials.
INTRODUCTION
Enamel is the outermost layer of the mammalian tooth and is considered to be one of the hardest calcium phosphate-containing bioceramics. (1) This calcified tissue is comprised of more than 85 v/v % (or 98 wt %) hydroxyapatite (HA) crystals and, being closely connected to the underlying dentin, shows exceptional biological and mechanical properties. (2, 3) The high wearand fracture-resistance of enamel is associated with the highly ordered structure of enamel prisms (rods) and the interwoven arrangement of HA that produces interprismatic enamel.(4-6) The formation of the basic building blocks of enamel, long and thin HA crystals, is mediated by the components of the extracellular matrix secreted by the ameloblast cells.(7) Among the matrix proteins, amelogenin is the most prevalent and is essential for normal enamel formation. (8, 9) It is well accepted that amelogenin plays critical roles in regulating enamel crystal morphology and Ren, Dongni; Ruan, Qichao; Tao, Jinhui; Lo, Jonathan; Nutt, Steven; Moradian-Oldak, Janet, "Amelogenin affects brushite crystal morphology and promotes its phase transformation to monetite" Crystal Growth & Design Aug 16 [9] 4981-90 (2016) DOI: 10.1021/acs.cgd.6b00569 organization through its specific interaction with forming enamel crystals. In order to get better insight into the function of amelogenin in mediating mineral formation in enamel, investigators have used in vitro models to study interactions between amelogenin and calcium phosphate crystals, including hydroxyapatite and octacalcium phosphate. (10) (11) (12) In contrast, there has been little study of how amelogenin may mediate brushite (dicalcium phosphate dehydrate, DCPD, CaHPO4·2H2O) or monetite (dicalcium phosphate anhydrate, CaHPO4) crystal growth. In the present work, considering the role of the amelogenin protein in controlling in vitro calcium phosphate crystal formation and its potential application in biomaterial synthesis, we studied the effect of amelogenin on brushite crystal morphology and the subsequent phase transformation to monetite. We demonstrated that in a dry state, at mild temperature and pH conditions, and in the presence of amelogenin, brushite transformed to monetite. Understanding the underlying mechanism of phase transformation and the unique structure of monetite derived from phase transformation provides us with insights that could lead to a new biomimetic approach to developing biomaterials for dental repair needs.
EXPERIMENTAL SECTION

Protein Expression and Purification
Ren, Dongni; Ruan, Qichao; Tao, Jinhui; Lo, Jonathan; Nutt, Steven; Moradian-Oldak, Janet, "Amelogenin affects brushite crystal morphology and promotes its phase transformation to monetite" Crystal Growth & Design Aug 16 [9] 4981-90 (2016) DOI: 10.1021/acs.cgd.6b00569
Recombinant porcine amelogenins (rP172 and rP148) were expressed in Escherichia coli strain BL21-codon plus (DE3-RP, Agilent Technologies, Inc., Santa Clara, CA) as previously described. (30) (31) (32) (33) Protein purification was accomplished on a reverse phase C4 column (10 × 250 mm, 5 μm) mounted on a Varian Prostar HPLC system (ProStar/Dynamics6, version 6.41 Varian, Palo Alto, CA), using a linear gradient of 60% acetonitrile at a flow rate of 1.5 mL/min.
Recombinant porcine amelogenin rP172 is an analogue of full-length native porcine P173, which has 173 amino acids, but rP172 lacks the N-terminal Met and a phosphate group on Ser16. 
Electrophoresis
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out with a 12% acrylamide gel to monitor the progress of amelogenin digestion. The gel was stained with Coomassie brilliant blue. Ten microliters of amelogenin cleavage product was loaded at a concentration of 1.0 mg/mL. The same volumes and concentrations of rP172 and rP148 were also Then, 2.5 mL of Na2HPO4 (0.02 M) was slowly titrated into the rP172-containing KH2PO4-CaCl2 solution at room temperature, while the pH of the reaction solution was maintained at 5.5 by adding NaOH. The final concentration of rP172 in the mineralization solution was 0.1 mg/mL. The crystals were allowed to grow at room temperature for 5 days while being shaken. The deposited crystals were then separated from the solution using a centrifuge at 10 000 rpm for 10 min. Crystals were prepared for characterization with X-ray diffraction (XRD), fluorescent microscopy, atomic force microscopy (AFM), and Raman spectroscopy as follows: After centrifugation, the crystals were washed sequentially with deionized water (10 times) and phosphate buffer (pH 5.5, 1 M, 30 min), and the samples were centrifuged again at 10 000 rpm for 15 min after each wash process. Finally, the precipitates were lyophilized and stored at 4 °C for future characterizations. To observe the effect of the washing process, the products were also collected without any washing and after washing with only water. Parallel experiments with BSA (at the same final concentration of 0.1 mg/mL) or deionized water (containing FITC) were carried out under the same conditions for comparison. These are referred to as the BSA control group and water control group, respectively.
Fluorescence Spectroscopy
Fluorescence spectroscopy was performed using a PTI Quanta Master QM-4SE spectrofluorometer (PTI, Birmingham, NJ, USA). For all the samples, the fluorescent signal was excited at 435 nm, and the emission spectral peak was at 519 nm. The same samples were also characterized by confocal microscopy (Leica TCS SP5 confocal microscope).
X-ray Diffraction (XRD)
The lyophilized crystal powder samples were tightly pressed into SiO2 diffraction plates 2 mm Transmittance infrared spectroscopy was carried out using lyophilized crystal samples/KBr tablets on a Spectrum GX FTIR (PerkinElmer, USA) in the region of 4000-400 cm -1 with a resolution of 2 cm -1 .
Thermal Gravity Analysis (TGA)
Two TGA experiments were conducted separately in this study. For Figure 4a , the fresh samples prepared with 0.1 mg/mL amelogenin (experimental group) and without protein (control group) were lyophilized and used. For TGA curves in Figure 5a , the samples prepared with 0.1 mg/mL amelogenin were tested after being kept in dry conditions at room temperature for three months. The samples weighed approximately 5 mg and were loaded into tin containers and tightly folded to remove air; the tin containers' weight was prebalanced. TGA was performed using TA Instruments Q5000 IR equipment. The temperature was kept at 25 °C for 10 min, then ramped to 1000 °C at a rate of 50 °C/min, and the sample weight loss during temperature ramping was recorded.
Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) was performed using a JEOL 7001-FEG microscope with an accelerating voltage of 10 kV. Sample powder was evenly distributed onto adhesive carbon tapes that were attached to aluminum mounts (12 mm in diameter, 10 mm in height) and then coated with 80/20 platinum/palladium before loading into the microscope.
Micro-Raman Spectroscopy
Samples were put onto glass coverslips in the form of powder. The Raman spectra were collected on single crystals from 100 to 4000 cm -1 under back scattering geometry by a LabRAM 
Atomic Force Microscopy (AFM)
A muscovite mica disc (9.9 mm in diameter; Ted Pella, Inc.) was freshly cleaved and used as a supporting surface. The mica surface was functionalized through treatment with 50 μL of poly-llysine solution (0.1% w/v, Ted Pella) for 5 min and then thoroughly rinsed with water and dried using a stream of nitrogen gas. The above-mentioned freshly prepared and lyophilized DCPD crystals washed with phosphate buffer were dispersed in PBS solution (Sigma-Aldrich) containing 10 mM phosphate and 154 mM NaCl at pH 7.4. Twenty microliters of this suspension was placed on the functionalized mica in 1 min. After allowing 10 min for thermal relaxation, time-lapse AFM images were continuously collected, first in PBS solution and later in water inside a fluid cell.
All in situ AFM images were captured in tapping mode at room temperature (23 °C) with a NanoScope 8 atomic force microscope (E scanner, Bruker) using silicon tips on silicon nitride cantilevers (HYDRA triangular lever, k = 0.088 N/m, tip radius <10 nm; resonance frequency 75 kHz in air; Applied Nanostructures, Inc.). The AFM cantilevers were treated with plasma to remove residual organic material from the surface before in situ imaging. The signal-to-noise ratio was maintained above 10. The scanning speed was 1-2 Hz. The amplitude set point was carefully tuned to minimize the average loading force (∼50 pN) during imaging.
In order to identify whether the particles adsorbed on the step edges of the brushite (010) surface were protein or inorganic, force curves were collected on the crystal terraces as well as on Fluorescent microscopy of the water control group shows that, without amelogenin, the green fluorescence was weak ( Figure 1a ). The water wash process could remove most of the surfaceadsorbed fluorescence (Figure 1b) . After a phosphate buffer wash, there was no fluorescence left on the crystals (Figure 1c ). This result demonstrates that FITC alone did not have a strong affinity to brushite crystals and was easily removed through the washing process. BSA played an adsorption role to stabilize the structure. BSA itself cannot manipulate the brushite morphology.(41, 42) Figure 3 shows the AFM images of brushite crystals prepared without and with amelogenin. In Figure 3a , which represents the control group without addition of amelogenin, the brushite (010) surface was very smooth with a series of terraces. When DCPD was synthesized in the presence of amelogenin, the surface was rougher, and a number of round particles were observed at the crystal edges ( Figure 3b) . After a phosphate buffer wash, the control brushite crystal surface did not change significantly (Figure 3c ), but the morphology of some adsorbed amelogenin particles became string-like (Figure 3d ). 
. AFM images of lyophilized brushite crystals (a) control, after water wash; (b) 0.1 mg/mL amelogenin, after water wash; (c) control, after phosphate buffer wash; and (d) 0.1 mg/mL amelogenin, after phosphate buffer wash. (e) Image and corresponding force curves of amelogenin adsorbed on brushite crystal, after water wash (red curve from plain surface on the image; green curve from nanoparticle on the image). Force on crystal: 826.2 ± 392.2 pN (5 curves); on particle: 223.5 ± 128.8 pN (13 curves).
Although it could not be definitively ascertained whether the final rupture occurred at the particle-DCPD interface or the particle-tip interface, an extension of 21 nm is relatively large compared to the height of a particle, which is only 2-3 nm. This indicates that a chain-like structure is stretching from the surface of the particle, so this large extension should be attributed to the behavior of the protein when it is being pulled between the tip and the DCPD surface. Figure 4a , black curve) also shows three stages of weight loss. As expected, the first stage with 21% weight loss represents transformation of brushite to monetite. The total weight loss in the second and third stages is ca. 21%, which is higher than observed in the control group (6%).
The extra weight loss demonstrates the presence of amelogenin on the crystal surface, which is consistent with the observations in Figure 1d and Figure 3 . In addition, we cannot rule out the possibility that amelogenin may also be occluded during crystal growth, which has been previously reported in the case of calcite. (57) Further studies are needed to confirm the exact location and amount of amelogenin in the brushite crystals.
In addition, it is worth noting that the presence of amelogenin made the dehydration of brushite occur earlier (or faster) in both the first and the second stages. In the first stage, brushite formed with amelogenin lost its crystalline water at a lower temperature (195 °C) than in the control group (210 °C). In the second stage, water loss in the amelogenin group happened at 440 °C, while in the control group it occurred at 455 °C. We therefore deduced that amelogenin destabilizes the crystalline water layer in brushite and promotes phase transformation of Ca-P crystals from a less stable phase (brushite) to more stable phases during a temperature rise. The destabilization effect of amelogenin on the crystal water in brushite was further revealed by the micro-Raman spectroscopy studies.
Figure 4. (a) TGA curves of lyophilized brushite crystals grown with no protein (red curve) or 0.1 mg/mL amelogenin (black curve); (b) Raman spectra of brushite crystals grown with no protein (red curve), after water wash or 0.1 mg/mL amelogenin (black curve), after water wash.
As shown in Figure 4b , the Raman spectrum of brushite prepared without amelogenin (red curve in Figure 4b ) shows the presence of nonequivalent water molecules, namely, Ca-bound H2O and loosely bound H2O (Figure 4b ). (49, 50) The water layers formed by Ca-bound H2O are highly ordered and comparably stable, and therefore can be considered as part of the brushite crystal structure, whereas the loosely bound H2O layers exhibit no in-plane order, but rather are only layered in the direction perpendicular to [010] . (51) When the Raman spectrum of brushite crystals prepared with amelogenin (black curve in Figure 4b ) was examined, it was found that the characteristic band for Ca-bound H2O was reduced, whereas the band for loosely bound H2O was increased. Specifically, when compared to the Raman spectrum in the control group (without amelogenin), the intensity ratio between the characteristic bands for loosely bound H2O (at 3475 cm -1 ) and ν1(PO4) (at 986 cm -1 ) was increased from 0.21 to 0.27 in the experimental group (with amelogenin). These results indicate that the Ca-bound H2O in the brushite crystals tends to be destabilized to form loosely bound H2O due to the presence of amelogenin in the system.
In a separate series of experiments, when crystals were left at room temperature for three months in the dry state, amelogenin adsorbed on a brushite surface promoted crystal phase transformation from brushite to monetite. The TGA analysis results (Figure 5a ) of crystals after setting for three months at room temperature show that, during temperature ramping, the weight loss behavior of crystals formed with amelogenin was quite different than those without amelogenin. As shown in Table 1 brushite surface can promote phase transformation, and this effect is related to the rate of crystalline water loss. Amelogenin-promoted brushite-monetite crystal phase transformation can happen rapidly at a high temperature (TGA temperature ramping) or more slowly at a low temperature (room temperature, 3 months).
SEM images show significant differences in monetite crystal morphology between the control and the experimental groups after they were left dry for several weeks at room temperature.
In the control (Figure 6a ) without protein, the crystal surface was smooth. In contrast, in the experimental group (Figure 6b ) with amelogenin, not only was the crystal phase transformation more rapid, the crystal morphology was affected. Small, monetite platelets with a high aspect ratio were observed, and the thickness of the crystals was around 100 nm ( Figure 6c ). Considering the important role of monetite as a precursor to HAp, the formation of this interlocking structure of monetite may provide new inspiration to develop biomimetic HAp materials. vitro mineralization, no effect on the morphology was observed. The micro-Raman peaks of the crystals grown in the presence of the 25-mer showed a pattern similar to the control groups (no wash, water wash, and phosphate wash); they all matched well with peaks reported in the literature for brushite, with a small blue shift (Supplementary Figure 2) , which means that the C-terminal residue alone is not enough to trigger the solid-state phase transformation of brushite. (51) The hydrophobic portion of full-length amelogenin might act as a stabilizer and help the hydrophilic Cterminus to interact with brushite crystalline water, thus pulling the water out of the crystals. This might also provide a potential insight into the function of amelogenin during enamel formation.
Keith et al. reported that metastable oligomers of amelogenin were present in solution at pH = 5.5 and that the C-terminus of amelogenin was exposed at the surface.(62) The hydrodynamic radius (RH) of such oligomers ranged between 4 and 7.5 nm, depending on protein concentration; the RH decreased along with protein concentration. Specifically, the average RH of the major amelogenin oligomers decreased with increasing dilution at 22 °C from around 7.5 nm at 10 mg/mL to around 4.0 nm at 0.5 mg/mL. The amelogenin oligomers would provide more surface area for binding to the crystals than amelogenin nanospheres. (62) In the current study, the amelogenin concentration in the mineralization solution is 0.1 mg/mL, much lower than the protein concentration reported in literature; thus, we deduce that the RH of the amelogenin oligomer in our experiment might be smaller than 4 nm, which may fit in the space (around 3.5 nm) between the two crystalline water layers in brushite crystals (Figure 8 ). 
5).(53)
An electronic adherence might exist between the negatively charged C-terminal segment and brushite Ca 2+ ions at pH 5.5, the condition under which crystallization occurred in our experiments. Amelogenin would therefore have a tendency to adsorb on the brushite surface via the Ca ions and compete against the Ca-bonding crystalline water. Thus, the affinity between the Ca ions and H2O molecules would be weakened, causing the crystalline water in brushite to be lost when the dry material was stored at room temperature. This water loss could then trigger a phase transformation to monetite. In this phase transformation, amelogenin acted as a catalyst that promoted the transformation of less stable brushite to a more stable monetite. We therefore suggest that this unusual function of amelogenin during the brushite-monetite phase transformation was due to its indirect reaction with crystalline water as a competition coordinator to Ca ions. The two water molecules in brushite are not identical: it was reported that one water molecule has nearly linear hydrogen, and these hydrogen bonds between layers are the weak points that break as the water molecules leave the crystals during phase transformation. (14, 55, 63) It is also reasonable to conclude that amelogenin affects the layered structure of brushite (010) face due to its competitive coordination against crystalline water, causing destruction of the laminated structure that had been stabilized by the hydrogen bonds in the crystalline water molecules.
CONCLUSIONS
We demonstrate that amelogenin adsorbed onto a brushite surface affected crystal morphology and caused the formation of layered structure on the brushite (010) face. Amelogenin promoted the phase transformation of calcium phosphate crystals from its less stable phase of brushite to a more stable state of monetite at room temperature. We suggest that amelogenin, due to its negatively charged C-terminus, can penetrate through the crystalline water layers in brushite and form strong bonds with the positively charged Ca ions, as a competitive coordination against the Ca-bonding crystalline water. This binding weakens the bonds between Ca ions and H2O molecules, leading to the extraction of crystalline water from the crystals. We found that the newly grown layers caused by the addition of amelogenin continued developing even after the brushite-monetite phase transformation. Taken together, these studies provide new insights into a possible biomimetic approach to generating enamel repair material.
